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The structural and magnetic properties of Mn2þdTiSn prepared by arc melting and annealing
have been investigated. Structural studies show that the compound crystallizes in the hexagonal
Ni3Sn-type structure with a ¼ 5.70 Å and c ¼ 4.55 Å. The phase stability of Mn2TiSn in the
hexagonal structure is supported by the first-principle electronic structure calculations where the
total energy per unit-cell volume in the hexagonal structure is smaller than that in the cubic
structure. Field and temperature dependence of magnetization show that the sample is magnetically
ordered with a Curie temperature around 400 K. The anisotropy energy calculated from the
high-field data is 4.0  105 ergs/cm3 at 300 K but increases by a factor of two (8.6  105 ergs/cm3)
as temperature decreases to 10 K. The observed magnetic properties are explained as the
consequences of competing ferromagnetic and antiferromagnetic interactions between different
C 2012 American Institute of Physics. [doi:10.1063/1.3672395]
magnetic sublattices. V

Magnetically ordered XnYZ (X,Y ¼ transition metals,
Z ¼ main group element; n ¼ 1 or 2) Heusler compounds
with high-spin polarization and Curie temperature well
above room temperature have drawn much attention because
of their potential for spintronic applications.1 A ternary intermetallic compound Mn2TiSn is one of such compounds predicted to be nearly half metallic with spin polarization of
97% and ferrimagnetic with Curie temperature above room
temperature (354 K).2 Although there are few reports on the
isostructural compounds Co2TiSn3 and Fe2TiSn,4 no reports
of experimental work on Mn2TiSn have been found to date.
Mn2TiSn is of particular interest because the number of
valence electrons (22) in this material is the same as that of
the prototypical half-metallic ferromagnet NiMnSb.5 This
equality in valence electron count is important as the structural stability and the physical properties of Heusler compounds are strongly dependent on the number of valence
electrons.6 Usually, X2YZ Heusler compounds crystallize in
the L21 cubic structure (space group (Fm3m)), but compounds with tetragonal distortion have also been found.7
Here we present the synthesis and characterization of a
compound with elemental composition close to X2YZ
(Mn2þdTiSn; 0 < d < 0.5). We find that the crystal structure
of the synthesized alloy is hexagonal D019 similar to that of
Mn3Sn and is different from that of prototype X2YZ Heusler
compound. The phase stability of the Mn2TiSn in the
hexagonal structure is also supported by our first-principle
electronic structure calculations.
Mn2þdTiSn powder samples were prepared by arc melting, annealing, and grinding. The Mn2þdTiSn ingot was prepared by arc melting Mn, Ti, and Sn on a water-cooled Cu
a)
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hearth in a highly pure argon environment. The intended
stoichiometry of the sample was obtained based on the
weight of the constituent metals. We used excess Mn in the
starting material to compensate the loss during arc melting.
The ingot was melted several times to improve homogeneity
and then annealed at 600  C for 65 h in a tubular vacuum furnace. A pressure of 106 Torr was maintained during annealing. The annealed ingot was crushed into fine powder, which
was used to study the structural and magnetic properties.
Figure 1(a) shows the room-temperature x-ray diffraction (XRD) pattern of Mn2þdTiSn powder sample. To identify the phase and crystal structure of the sample, we
simulated powder x-ray diffraction patterns corresponding to
the relevant structures8 and compared them with the experimental XRD pattern. The experimental XRD pattern both in
relative intensity and peak position shows an excellent match
with the simulated diffraction pattern based on Mg3Cd or
Ni3Sn-type structure (D019 strukturbericht designation, space
group (P63/mmc)), which is identical to the structure of the
Mn3Sn phase. Mn2TiSn unit cell in the hexagonal structure
is shown in Fig. 1(b). The lattice parameters extracted from
the simulation are a ¼ 5.70 Å and c ¼ 4.55 Å. Although the
intensities of most of the peaks in the XRD pattern match
perfectly with that of the simulated pattern, the difference in
the experimental and simulated intensities of (002) peak
indicates the presence of small amounts of unreacted elemental impurities in the sample. We attribute this difference
to the superposition of Ti (002) and Mn2TiSn (002) peaks in
the experimental pattern.
Figure 2 shows the selected-area electron-diffraction
(SAED) pattern taken from some of the grains at the thin
edge of the specimen prepared from the Mn2þdTiSn powder
sample. The region where the SAED pattern was recorded is
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FIG. 1. (Color online) (a) Xray diffraction pattern of the Mn2þdTiSn power
sample recorded at room temperature (solid line) and the simulated pattern
for hexagonal Ni3Sn-type structure (dotted line). (b) Mn2TiSn unit cell in
the hexagonal D019 structure.

shown in the bright field image of the specimen (see the inset
of Fig. 2). The SAED pattern indicates that our Mn2þdTiSn
compound has a hexagonal Ni3Sn-type crystal structure,
which is consistent with the XRD result. The elemental composition of the compound determined from the TEM/EDX
analysis of the small selected area is Mn2.1TiSn, which is
close to Mn2TiSn. However, a similar scan over larger areas
in SEM/EDX shows more Mn, where the elemental composition is Mn2.4TiSn.
Figure 3 shows the field dependence of magnetization at
300 K and also at 10 K. At room temperature, the sample has
a coercivity (Hc) of about 1 kOe, which increases substantially at low temperatures (2.4 kOe at 10 K). At 10 K, as
shown in the inset (a) of Fig. 3, the magnetization shows a
small jump as the field passes through zero. As we have
mentioned above, the sample may contain elemental impurities including Mn, which probably form small clusters with
some uncompensated spins. We believe that the kinks
observed in the low-temperature M(H) loops are caused by
the magnetization reversal of these uncompensated spins as
the field changes direction. Although the magnetization
shows an approach to saturation, it does not fully saturate
even at 6 T. The room-temperature magnetization at 6 T is
9.3 emu/g, which increases with decreasing temperature and
reaches 15.8 emu/g at 10 K. The lack of high-field saturation

FIG. 2. Selected area electron diffraction (SAED) pattern taken from a specimen of Mn2þdTiSn powder sample. The pattern was taken from several
grains of the region indicated by a square in the bright field image as shown
in the inset.
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FIG. 3. (Color online) Magnetization as a function of magnetic field M(H)
for Mn2þdTiSn samples at 10 K and 300 K. Inset (a) shows the close-up
view of the M(H) loops near the coercive field. The high-field magnetization
data fitted to the equation M ¼ M0 (1  A/H2) þ vH are shown as the solid
lines in inset (b).

of M(H) suggests that Mn2þdTiSn has a substantial value of
magnetic anisotropy K. We have calculated the anisotropy
constant K from the high-field magnetization data using
M ¼ M0 (1  A/H2) þ vH; A ¼ 4 K2/15M02, where M0 is
spontaneous magnetization, A is a constant that depends on
K, and v is the high-field susceptibility.9 The values of M0,
A, and v were obtained from the best fit of the data to the
above equation (see inset (b) of Fig. 3). The values of K
determined from the fit are 4.0  105 ergs/cm3 and 8.6  105
ergs/cm3 at 300 K and 10 K, respectively. The coercivity has
also increased by the same ratio as the anisotropy (by a factor of 2) in this temperature range, although the actual mechanism giving rise to coercivity is not clear. These values of K
are comparable to the values reported for other Heusler alloy
films such as Co2FeAl.10
The temperature dependence of magnetizations at magnetic
fields 100 Oe, 500 Oe, and 1000 Oe are shown in Fig. 4. Interestingly, the magnetization can be described well with the simple
equation M(T) ¼ M0[(1  p){1  B(T/Tc)3/2} þ p(1  T/Tc)1/2].
The first part of this heuristic interpolation formula describes the
spin-wave behavior, and the second part characterizes the meanfield critical-point behavior near the Curie point.11 The parameters M0, p ¼ (T/Tc)n, B, and Tc are the spontaneous magnetization, a weight factor, spin-wave stiffness constant, and the Curie
temperature, respectively. The Curie temperature determined
from the best fit of the 100 Oe M(T) data to the above equation
is 405 K. This is slightly higher than the value (354 K) predicted
for Mn2TiSn in the hypothetical L21 structure from theoretical
calculations.2 In low magnetic fields (100 Oe), there is a clear
splitting between the zero field-cooled (ZFC) and field-cooled
(FC) data below the Curie temperature. The divergence between
the ZFC and FC curves increases with decreasing temperature,
but the ZFC curve passes through a maximum near 60 K. The
splitting between the ZFC and FC curves suggests that the sample contains magnetically inhomogeneous states.12 A possible
explanation is that the competing ferromagnetic and antiferromagnetic interactions between different Mn sublattices may lead
to a ferrimagnetic state giving rise to the splitting in ZFC and FC
curves. The anomaly in 100 Oe ZFC data near 60 K can be
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FIG. 4. (Color online) Temperature dependence of magnetization at
magnetic fields 100 Oe, 500 Oe, and 1000 Oe. For the100-Oe measurement,
both zero-field cooled (ZFC) and field-cooled (FC) data are shown. The
solid lines are the fits to the equation M(T) ¼ M0[(1  p){1  B(T/Tc)3/2}
þ p(1  T/Tc)1/2].

attributed to the random freezing of the magnetic moments into
various metastable states.
To understand the observed structural and magnetic
properties of Mn2þdTiSn alloy and to analyze the relative
phase stability of Mn2TiSn in L21 cubic and D019 hexagonal
structures, we performed first-principle total energy calculations using the projector-augmented wave method,13,14
within a Perdew-Burke-Ernzerhof generalized gradient
approximation15 of the density functional theory. The simulations were performed using periodic boundary conditions.
We used 12  12  12 k-point sampling, and positions of
atoms in the unit cell were relaxed using the HellmannFeynman scheme until forces were less than 0.003 eV/Å.
We considered two ordered hexagonal Mn2TiSn structures: one with Ti atoms as the nearest neighbors and the
other with Ti atoms as the second-nearest neighbors. The
relaxed atomic positions are almost unchanged in the case of
Ti as the nearest neighbors (c/a has increased slightly), while
the Wyckoff’s internal x value reduced slightly to x ¼ 0.81 in
the case of Ti as the second nearest neighbors. We have
found that the hexagonal structure with Ti atoms as the
nearest neighbors has a higher total energy than that of the
hexagonal structure with Ti atoms as the second-nearest
neighbors. On the other hand, as shown in Fig. 5, the D019
hexagonal structure with Ti as the second nearest neighbor
has lower total energy than that of the corresponding L21
cubic structure. We have also estimated the exchange coupling in the above-mentioned two cases of hexagonal
Mn2TiSn structures. In both cases, Ti presence induces
ferromagnetic (FM) coupling between Mn atoms where
the energy of FM state is lower by 0.24 eV/f.u. than that
of the antiferromagnetic (AFM) state. The magnetic moment
in the ordered state with Ti as the second nearest neighbor
where MnMn interaction is FM, is 3.5 lB/f.u. In this case,
the overall magnetic state is ferrimagnetic because Mn
(m ¼ 2.3 lB) and Ti (m ¼ 0.79 lB) are anti-aligned. However, the experimental value of high-field magnetization at
10 K (0.8 lB/f.u) is much smaller than the value obtained
from the calculation. This suggests that the distribution of Ti
in the Mn2þdTiSn sample is not uniform and the antiferromagnetic interaction between Mn atoms is expected in the
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FIG. 5. (Color online) Total energy as a function of unit cell volume per formula unit for Mn2TiSn.

Mn-rich areas. The calculated degree of spin polarization in
the hexagonal structure is only 41%, which is much lower
than the value (97%) reported for the cubic structure.2
In conclusion, we have prepared Mn2þdTiSn powder
samples using arc melting and annealing. The samples have
crystallized in the hexagonal Ni3Sn-type structure and are
magnetically long-range ordered with the Curie temperature
well above room temperature. Ab initio total-energy calculations show that the D019 hexagonal Ni3Sn-type structure is
more stable than the L21 cubic structure. The observed magnetic properties are consistent with the presence of ferrimagnetic order in the sample, but the magnetic structure seems
to be more complex than the one considered in the calculation. Because the powder sample shows substantial magnetic
anisotropy, it will be useful to investigate various properties
including magnetic properties and the state of spin polarization in thin films to determine the potential of this material
for device applications.
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